We surveyed naturally occurring leaf herbivory in nine invasive and nine non-invasive exotic plant species sampled in natural areas in Ontario, New York and Massachusetts, and found that invasive plants experienced, on average, 96% less leaf damage than non-invasive species. Invasive plants were also more taxonomically isolated than non-invasive plants, belonging to families with 75% fewer native North American genera. However, the relationship between taxonomic isolation at the family level and herbivory was weak. We suggest that invasive plants may possess novel phytochemicals with anti-herbivore properties in addition to allelopathic and antimicrobial characteristics. Herbivory could be employed as an easily measured predictor of the likelihood that recently introduced exotic plants may become invasive.
INTRODUCTION
Exotic plants are notorious for the damage they can do to natural communities. However, of the thousands of exotic plants established in North America, only a small proportion have become major pests in natural areas by forming monocultures and displacing native species (Williamson & Fitter 1996; Lockwood et al. 2001) . The rest simply become naturalized and, although they may be widespread, they remain minor members of their new communities. The ability to predict which new exotic plants pose the greatest risk to native communities, and which will merely join the local flora with little impact, is crucial if we wish to develop proactive control strategies for emerging invaders (Mack 1996) .
Although many studies have searched for common traits among invasive exotic plants, these studies have typically involved life-history traits rather than interactions between the plants and their natural enemies (Mack 1996) . This does not reflect the belief that enemies have little influence on invasions. On the contrary, the idea that the success of introduced plants can be attributed to a lack of enemies in their new ranges-the enemy release hypothesis-has inspired a wealth of studies (Keane & Crawley 2002; Agrawal & Kotanen 2003 and references therein). The results of these studies have been mixed. Exotic plants sometimes experience considerably more herbivory in their new ranges than expected, which is often interpreted as lack of support for the enemy release hypothesis. However, comparisons of herbivory on exotics and natives typically overlook the invasiveness status of the exotic plants. In two recent exceptions, plants that were more invasive tended to have fewer pathogens (Mitchell & Power 2003) and less leaf herbivory (Carpenter & Cappuccino 2005) .
In the present study, we investigate the leaf herbivory of highly invasive plants and non-invasive plants to further test the hypothesis that invasiveness is negatively correlated with herbivory. We also test the hypothesis that taxonomically isolated species are more invasive than exotics with many native relatives (Lockwood et al. 2001) .
MATERIAL AND METHODS
Nine terrestrial invasive plant species were chosen from a list of natural-area weeds published online by the USDA Forest Service (2004) Eastern Region (http://www.fs.fed.us/r9/wildlife/range/weed/ index.php). The nine species were listed by the Forest Service as category 1, 'highly invasive plants that invade natural habitats and replace native species', or category 2, 'moderately invasive [plants] replacing native species.in local areas' (table 1) . We also chose nine non-invasive plants that were not included in the list or included as either category 3, 'widespread non-native species' that are 'not especially invasive in undisturbed natural habitats', or category 4, 'plants of local concern' that are 'not currently known to be especially invasive' (table 1) .
As an additional measure of invasiveness, we used Mitchell & Power's (2003) We included all species from the Forest Service category 1 list that were available, excluding only those that were included in our earlier study (three species), those that were fully aquatic (four species) and those that duplicated genera already included (six species). Our choice of 18 species from 17 families (table 1) allowed us to address how invasive species differ from non-invasive species in degree of taxonomic isolation. Higher taxonomic levels were not disproportionately represented in either invasiveness category (table  1) . Two species of Centaurea were included because of our interest in the comparative ecology of invasive and non-invasive knapweed species.
In July and August 2004, plants were sampled from natural areas in the vicinity of Ottawa, Ontario, Canada; northern and central New York State, USA and eastern Massachusetts, USA (table 1). We tried to find two populations of each species that were separated by at least 5 km; however, three species were sampled from one site only (table 1). We randomly chose one leaf from each of 20 individuals from each population. The leaves were scanned using imaging software (Scion Image Beta 4.02, Scion Corporation, Frederick, Maryland, USA, http://www.scioncorp.com) to measure total leaf area and area damaged by chewing, gall-making or mining insects (O'Neal et al. 2002) . Where two sites were sampled, a single damage measurement averaged over both sites was used in the analyses.
We consulted the USDA Plants Database (http://plants.usda. gov/; USDA 2004) to determine the number of congeners native to the continental United States for each exotic species, as well as the number of native confamilial genera. A genus was considered native if it contained at least one native species.
The three continuous response variables-the per cent of leaf damage, the number of native congeners and the number of native confamilial genera-were not normally distributed and their nonnormality was not remedied by transformation. Non-parametric Wilcoxon tests were performed to address the difference between invasive and non-invasive exotics in the mean per cent of leaf damage, the number of native congeners and the number of native confamilial genera. The two Centaurea species were omitted fromanalyses involving taxonomy because they were purposely paired and are equivalent in degree of taxonomic isolation. Spearman's rank correlation was performed to examine relationships between q 2005 The Royal Society invasiveness (number of state lists a species occurs on), leaf damage and the two taxonomic variables.
RESULTS
Leaf damage on invasive exotic plants was similarly low at the two sampling sites for each species, even when those sites were as distant as Ottawa and eastern Massachusetts (ca 500 km). With the exception of Berberis thunbergii, which suffered 5.27% leaf herbivory in Massachusetts and only 0.36% in upstate New York, damage to the invasive species was always less than 1.0%. On the other hand, all of the non-invasive exotics, with the exception of Campanula rapunculoides at one site, experienced leaf damage greater than 1.0%. The nine invasive species suffered significantly less damage than the non-invasive species (figure 1; Wilcoxon test: chi square Z10.39, d.f.Z1, pZ0.0013). In addition, plants listed by more states experienced less damage than those listed by fewer states (Spearman's rhoZ-0.659, pZ0.003, NZ18).
Invasive species did not have fewer native congeners than non-invasive species (Wilcoxon test: chi squareZ0.07, d.f.Z1, pZ0.791). However, invasive species belonged to families with fewer native genera than non-invasive species (figure 2; Wilcoxon test: chi squareZ5.11, d.f.Z1, pZ0.024). Plants listed by many states did not have significantly fewer native congeners (Spearman's rhoZK0.014, pZ0.956, NZ16), nor did they belong to families with fewer native genera (Spearman's rhoZK0.333, pZ0.178, NZ16).
The relationship between herbivore damage and the number of native congeners was not statistically significant (Spearman's rhoZ0.09, pZ0.739, NZ16). The relationship between herbivore damage and the number of native genera, although positive, was likewise non-significant (Spearman's rhoZ0.421, pZ0.104, NZ16).
DISCUSSION
A small but important fraction of exotic plants become highly aggressive invaders that have strong negative impacts on native species (Williamson & Fitter 1996) . Most exotic plants, however, are non-invasive, minor members of local plant communities (Ortega & Pearson 2005) . Our study highlights a potentially important difference between these two types of plants: highly invasive exotic plants suffered substantially lower leaf herbivory than non-invasive plants. Our comparison of herbivory on aggressive invaders and non-invasive exotic plants sheds light on the mixed results observed in tests of the enemy release hypothesis (Keane & Crawley 2002; Agrawal & Kotanen 2003) . These mixed results may stem, in part, from the inclusion of non-invasive species, which escape herbivory to a lesser extent than highly invasive species. In one of the few studies that have considered differences in the invasiveness level of exotic plants, Mitchell & Power (2003) found that greater release from fungal pathogens was correlated with greater invasiveness in 473 European plant species naturalized in the United States. Likewise, our previous work revealed a negative correlation between herbivory and invasiveness (Carpenter & Cappuccino 2005) .
Although it would be tempting to conclude that lack of herbivory is the key to the success of the highly invasive plants included in our study, we have not established a link between herbivory and plant performance. Evidence of successful biological control using enemies imported from the plants' native ranges would support the claim that herbivores matter. Biological control has been attempted for three of our species: purple loosestrife Lythrum salicaria, leafy spurge Euphorbia esula and spotted knapweed Centaurea biebersteinii (the equivalent of Centaurea maculosa). Control of purple loosestrife by the leaf beetles Galerucella calmariensis and Galerucella pusilla, released in the mid 1990s, has been quite successful: at some release sites, native plant diversity has rebounded, as has use of the areas by nesting birds (Blossey et al. 2001) . In the Ottawa region, the defoliation of loosestrife approaches 100% in many sites, so we were forced to move beyond the current range of the intentionally released Galerucella beetles to sample herbivory by other organisms.
Biological control of leafy spurge has been less successful, being achieved in some habitats but not others (Harris 1993) . Control of spotted knapweed has not been achieved despite the release of 11 agents (Mü ller-Schärer & Schroeder 1993). Allelopathy, not enemy release, may be an important mechanism driving the enormous success of this species (Hierro & Callaway 2003) . The allelopathic aggression of spotted knapweed has inspired Callaway & Ridenour's (2004) novel weapons hypothesis, which states that novel phytochemical compounds, to which native plants and soil organisms are not adapted, give some exotic plants a dramatic advantage in their new range. Of our nine highly invasive plants, evidence of allelopathy has been detected only in C. biebersteinii (the equivalent of C. maculosa) and a congener of Euphorbia esula (Alsaadawi et al. 1990 ). While we cannot exclude the possibility that some of the others possess strong allelopathic compounds as well, low herbivory indicates that they may possess novel defensive compounds, instead of, or in addition to, novel allelopathic agents. These hypotheses are complementary and could perhaps be combined under the umbrella of a 'novel phytochemistry hypothesis': exotic plants with potent secondary compounds that are unique or underrepresented in the plants' new range are more likely to become highly invasive.
Rather than conferring a single advantage on the plants that possess them, some novel phytochemicals may have multiple activities, protecting plants from herbivores as well as altering soil microbial communities and increasing competition via allelopathy. Examples of phytochemicals with multiple activities include cnicin in spotted knapweed (Kelsey & Locken 1987; Landau et al. 1994) , glucosinolates in the Brassicaceae (Siemens et al. 2002) and monoterpenes in Thymus vulgaris (Linhart & Thompson 1999) . If potent novel phytochemistry commonly manifests itself through multiple biological activities, leaf herbivory could be a useful proxy for allelopathy or antimicrobial activity in predicting invasiveness because it is simple to measure.
An even simpler attribute to measure is taxonomic isolation, which requires nothing more than counting native relatives. Lockwood et al. (2001) showed that taxonomic isolation is a good predictor of exotic plant invasiveness, possibly because it reflects phytochemical isolation. Taxonomic isolation has been shown to influence the size of the insect fauna of introduced trees; trees with fewer native relatives accumulate fewer herbivores than trees with many close relatives in their introduced range (Connor et al. 1980) . Our results suggest that isolation at the family level is more important than isolation at the generic level. However, taxonomic isolation was not as strongly associated with invasiveness as herbivory and the relationship between herbivory and taxonomic isolation was weak. Although taxonomic isolation might be indicative of phytochemical isolation in general, plants with many native relatives might nevertheless possess unique phytochemical adaptations. Spotted knapweed Centaurea biebersteinii (the equivalent of C. maculosa) is a good example. As a member of the Asteraceae, the largest North American plant family, it is not taxonomically isolated. However, it is highly isolated phytochemically; its allelopathic agent is a rare compound, (K)-catechin, which occurs in only a few other plants (Callaway & Ridenour 2004) . Because of the possibility that other exotic plants from families with a large native contingent are similarly phytochemically unique, it would seem wiser to use phytochemistry or, as a proxy that is relatively easy to measure, herbivory to predict the invasiveness of newly introduced plants.
Over time, native organisms should adapt to even the most uniquely defended introduced plants. Within native herbivore populations, selection to utilise exotic hosts can be rapid (Singer et al. 1993; Thompson 1998) . As the native biota adapts to an introduced plant, the plant's invasiveness might be expected to decline. Information on the original invasiveness levels of plants that were introduced to North America by the earliest European colonists is, unfortunately, lacking, largely because we have only recently become concerned with the phenomenon of exotic plants invading intact natural communities. Many of these earliest arrivals are considered by modern accounts to be less invasive than recently arrived plants; however, Carpenter & Cappuccino (2005) found no relationship between the date of introduction and herbivory. Greater pathogen attacks or decreased allelopathic effects as native plants adapted to the exotics cannot be ruled out to explain the lower invasiveness of longstanding exotics.
